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© Manufacture of Solar Cells. 

© A precursor solution is described for use in the 
formation in a solar cell of a thin film of a ternary or 
quaternary compound containing copper, at least 
one group III element selected from aluminium, gal- 
lium and indium and a group VI element selected 
from sulphur, selenium and tellurium. The solution 
being formed by dissolving a dry cuprous halide in 
an organic solvent such as acetonitrile capable of 
solvating the cuprous ions to form a complex ion in 
which the cuprous ions are joined to organic ligands, 
and adding to the organic solution an aqueous solu- 
tion of salts containing the group III elements). 

The precursor solution can be used either in 
spray pyrolysis deposition techniques or to form a 
colloid which is deposited electrophoreticaily. 



0) 
Ps 



Q. 

Ul 



Xerox Copy Centre 



1 



EP 0 297 799 A1 



2 



Manufacture of Solar Cells 



The present invention relates to the manufac- 
ture of thin film photovoltaic cells. 

Copper based ternary and quaternary chal* 
copyrites are being used in thin film photovoltaic 
cells and some papers on this subject have been 5 
published in the technical journals. Copper indium 
diselenkte (CufnSe2>, with a bandgap of 1.04eV, 
may be used in a single heterojunction device with, 
for example, cadmium sulphide (CdS) due to its 
highr absorption coefficient ^lO'm" 1 ) over a large to 
part of the solar spectrum and good lattice match 
to CdS. Copper indium disulphide possesses a 
bandgap (Eg = l.55eV) with a better match to the 
solar spectrum and has been used to produce a 
liquid junction solar cell with an efficiency of 10%. is 
However, the properties of this material are difficult 
to control and for this reason attempts are being 
made to develop quaternaries such as Culn x Gai. 
xSe2 because the stoichiometry of the material can 
be adjusted to produce a bandgap with an opti- 20 
mum match to the terrestrial solar spectrum 
(Eg=1.45eV). 

The present invention is concerned with the 
synthesis and deposition of films of Cu!nS2, 
CulnSe2. CuGaSe2 and quaternary compounds 
such as CulnLxGaxSea. 

Prior art attempts at forming such films by 
spraying a precursor solution onto a hot surface 
have suffered from problems associated with the 
instability of the precursor solution. For example, in 
one known technique the precursor solution is pre- 
pared by dissolving cupric chloride, indium chloride 
and dimethyl seienourea (DMSU) in water. This 
solution is unstable because the copper attacks the 
selenium compound causing undesired precipita- 
tion of elemental selenium. 

If hydrochloric acid is added, as has been 
proposed, this reduces the rate of precipitation of 
selenium but while the solution is now more stable, 
it is still not of practical use in the formation of 40 
solar cells as it may etch the cadmium sulphide 
layer. Furthermore, only small copper ion concen- 
trations can be stably achieved, resulting in pro- 
longed deposition periods for growth of the layer. 

As it is desired to form a layer containing 45 
copper in its monovalent (cuprous) state, it is pre- 
ferred to start with the copper ions in this oxidation 
state. However, the cuprous ion is normally unsta- 
ble in pure aqueous solutions and its solubility is 
low. In this case, the addition of acid forms com- 50 
plexes which increase the stability and solubility, 
but again a risk occurs of etching the underlying 
cadmium sulphide layer. 

The object of the present invention is to pro- 
vide a precursor solution containing copper ions in 
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the monovalent oxidation state and ions of a group 
III metal, which solution contains a relatively high 
concentration of copper ions and is stable for stor- 
age over prolonged periods. 

According to a first aspect of the present in- 
vention, there is provided a precursor solution for 
use in the formation in a solar cell of a thin film of 
a ternary or quaternary compound containing cop- 
per, at least one group III element selected from 
aluminium, gallium and indium and a group VI 
element selected from sulphur, selenium and tellu- 
rium, the solution being formed by dissolving a dry 
cuprous halide in an organic dipolar aprotic solvent 
capable of solvating the cuprous ions to form a 
complex ion in which the cuprous ions are joined to 
organic ligands, and adding to the organic solution 
an aqueous solution of salts containing the group III 
elements. 

The organic solvent is preferably acetonitrile 
and the cuprous halide salt is preferably cuprous 
iodide. 

The group III salts are preferably nitrates of 
gallium and/or indium. 

The effect of forming an organic complex of 
the cuprous ions and the acetonitrile ligands is to 
prevent oxidation of the cuprous ions into cupric 
ions by reacting amongst themselves (2Cu > 
Cu 2 * + Cu) in the presence of water. It is in this 
respect advantageous to minimise the quantity of 
dissolved oxygen in the water and to this end the 
solution should be stored in an inert atmosphere 
(nitrogen) and nitrogen should be bubbled through 
the solution to liberate dissolved oxygen. 

To prepare a precursor solution for forming a 
thin film by spray pyrolysis, selenium may be 
added to the solution by adding a selenium com- 
pound, preferably DMSU in solid form, directly to 
the solution. 

According to a second aspect of the present 
invention, there is provided a method of forming a 
thin film of a ternary oKgumem^ry compound con- 
taining copper, at least one group 111 element se- 
lected Irom^iluminium. gallium and indium and a 
group VI element selected from sulphur, sgtenium 
and tellurium, the method comprising the steps of 
forming a solution containing cuprous ions by dis- 
solving a dry cuprous halide in an organic dipolar 
aprotic solvent capable of solvating the cuprous 
ions to form a complex ion in which the cuprous 
ions are joined to organic ligands, adding to the 
organic solution an aqueous solution of salts con- 
taining the group III elements and reacting the 
solution with a compound containing the group VI 
element to form a colloidal suspension of the ma- 
terial to be deposited, and forming a thin film by 
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electrophoretic deposition from the colloidal sus- 
pension onto a substrate. 

In the case of a solar ceil, the powder-like 
deposit does not have the requisite crystal size and 
to form a better photovoltaic junction with the un- 
derlying cadmium sulphide layer, it is advanta- 
geous to recrystallise the deposit by the application 
of heat 

The heat required to cause such recrystal- 
lisation may damage the substrate but many pos- 
sibilities present themselves to confine the energy 
to the deposited film. For example, the deposit can 
be heated by a laser, tungsten halogen lights or 
possibly microwave radiation. 

It is already known from scientific publications 
that a scanned CO2 laser beam can be used to 
transform an electrophoreticaily deposited CdS lay- 
er into a polycrystafline thin film and this is accom- 
panied by a dramatic increase in the luminescence 
efficiency. The lower melting point of these materi- 
als and reduced vapour pressure of selenium when 
compared to sulphur suggests that recrystallisation 
via a rapid thermal annealing process is possible 
without loss of stoichiometry. 

The invention will now be described further by 
reference to specific examples. 

A solution for spray pyrolysis of a CulnSe2 is 
prepared by dissolving cuprous iodide, previously 
dried by heating in an oven, in acetonitrile, pre- 
viously dried by means of a molecular sieve, in an 
amount of 3.88 g/i to give a 0.02 molar solution. 
Hydrated indium nitrate is dissolved in cold water 
to form a 0.02 molar solution, allowance being 
made in this case for the hydration level of the salt 
in determining the weight of the salt added to a 
given volume of water. The organic solution of 
cuprous iodide is next mixed with the aqueous 
solution of indium nitrate and to this a quantity of 
DMSU in solid form is added in the appropriate 
molar ratio. The concentration of indium, copper 
and selenium can be varied to yield films with 
varying electrical properties, and the optimum ra- 
tios can be determined empirically, in practice. 

To form a photovoltaic junction, the precursor 
solution as prepared above is sprayed using a 
^ra^^yroiysas^ ^S^ as described in EP-A-O 
266 142. This apparatus uses^rless) electrostatic 
atomisation of the precursor solution and the 
droplets on the surface of the substrate are heated 
from above and below by radiant heaters to cause 
the compounds in the solution to react with one 
another and to drive off the solvents, leaving a 
deposit of CulnSe2. The thin film is grown eprtax- 
iaJly on a thin film of cadmium sulphide, or cad- 
mium zinc sulphide, with which the ternary com- 
pound forms a rectifying junction. The temperature 
of the surface is maintained between 200 "C and 
450* C, the optimum temperature being again de- 



termined empirically. 

For the formation of a thin film by elec- 
trophoretic deposition from a colloidal suspension 
of the ternary or quaternary compound, equal vol- 

s umes of an aqueous solution of the required group 
III metal nitrate(s) is added to an equimolar acetoni- 
trile solution of cuprous iodide, to give a final 
molarity of 0.01 molar, or less. This solution is then 
thoroughly stirred and deoxygenated prior to the 

to addition of the respective group VI hydride {HzSe 
or H 2 S) which results in the apparently instanta- 
neous formation of a stable colloid of the appro- 
priate ternary or quaternary compound. The in- 
troduction of the hydride is limited in order to avoid 

75 excessive selenide or sulphide ion concentrations. 

Experimental evidence suggests that pre-asso- 
ciation takes place between the group lir metal(s) 
ions and the cuprous cations after the aqueous and 
acetonitrile solutions are mixed. Measurement of 

20 ligand exchange rates, indicates that, in the ab- 
sence of such pro-association, the formation of a 
copper binary would be favoured during the addi- 
tion of a group VI hydride. 

The stability of the colloids is related to the 

25 type of group III metals present with indium ap- 
pearing to increase the interval prior to natural 
flocculation. The shelf life of these colloids from 
one day for Cu^Se to approximately five days for 
Culn 1 . x Ga x Se2. 

30 Examination of the solid from a freshly pre- 
pared CulnSe 2 colloid in the TEM (transmission 
electron microscope) shows that the particle size is 
very uniform, with an average diameter of approxi- 
mately 3.5nm. The electron diffraction powder pat- 

35 terns, and at higher magnifications, the presence of 
lattice fringes in the particles indicates their crystal- 
Unity and homogeneous structure. Samples suitable 
for x-ray diffraction measurements were prepared 
by flocculating the colloids through the addition of 

40 a suitable electrolyte and subsequently separating 
the solid by centrifugation. The precipitate was 
then thoroughly washed with deionised water to 
remove ail traces of precursor salts and the added 
electrolyte prior to dispersion in deionised water. 

45 The powder was finally mixed with a water soluble 
glue (Seccotine), and applied to a glass cover 
slide. 

The X-ray diffractometer powder patterns from 
Cu)nSe2, CuGaSe2, and Culnt.xGaxSes clearly re- 

50 veal the three principal reflections expected from 
these materials with a tetragonal structure in the 
absence of any prefened orientation. The positions 
and amplitudes of the peaks compare favourably 
with published data confirming that the ternary or 

55 quaternary compounds are the principal compo- 
nents of the precipitate. It also clear that the reflec- 
tions from the Culni. x Ga,(Se2 lie between those of 
the related ternaries as would be expected. 
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The optical absorbance of the colloidal suspen- 
sions was measured, and compared wittL thai from.. 
a binary suspension, to confirm that ternary and 
quaternary semiconductors had been produced. A 
small volume of each colloid was placed in a 
cuvette and diluted with the original mixed solvent 
to adjust the maximum transmission to about 50%. 
The data clearly revealed four distinct semiconduc- 
tor materials although the size of the particles leads 
to an ill-defined absorption edge and what would 
appear to be a blue shift in the apparent size of the 
bandgap. 

The optical absorbances for two of the colloids 
were measured after the particles had been al- 
lowed to age for two days in the original solution 
and. in the case of Culnt^GaxSez. a red shift in the 
absorption edge is evident as is a sharpening of 
the edge itself. The corresponding data for 
CuInSe2 indicate a smaller effect. 

A qualitative assessment of the impurity con- 
tent of the colloidal particles was undertaken using 
Laser Mass Spectrometry (LAMS) in which a 
microvolume of the material is vaporised by an 
intense pulse of laser radiation and subsequently 
introduced into a mass analyser. The spectra from 
CulnS2 and CulnSe2 particles contained only 
traces of the alkali metals, probably introduced by 
handling and to which the instrument is particularly 
sensitive (-10"" 3 ppm), in addition to the three con- 
stituent elements. Furthermore the spectra from a 
single crystal of CulnSe2 compared very favourably 
with that obtained from the colloidal particles. 

The results outlined above refer to deposits 
formed from colloidal suspensions and the results 
obtained for deposits produced by spray pyroiysis 
are also promising. The X-ray diffraction pattern of 
a CuInSe2 indicated the presence of a single ter- 
nary compound with a preferred orientation per- 
pendicular to the substrate. These observations 
were corroborated by measurements of optical ab- 
sorption. 



2. A solution as claimed in claim 1 , wherein the 
organic solvent is acatonitrile. 

3. A solution as claimed in claim 1 or 2, 
wherein the cuprous hafide salt is cuprous iodide. 

5 4. A solution as claimed in any preceding 
claim, wherein the group til salts are nitrates of 
gallium and/or indium. 

5. A solution as claimed in any preceding 
claim, wherein the aqueous solution of group III 

to salts is deoxygenated prior to being mixed with the 
acetonitrile solution. 

6. A solution as claimed in any preceding 
claim, for forming a thin film by spray pyroiysis, 
wherein a selenium compound is added to the 

rs solution. 

7. A method of forming a thin film of a ternary 
or quaternary compound containing copper, at least 
one group III element selected from aluminium, 
gallium and indium and a group VI element se- 

20 lected from sulphur, selenium and tellurium, the 
method comprising the steps of forming a solution 
containing cuprous tons by dissolving a dry cupr- 
ous halide in an organic dipolar aprotic solvent 
capable of solvating the cuprous ions to form a 

25 complex ion in which the cuprous ions are joined to 
organic ligands, adding to the organic solution an 
aqueous solution of salts containing the group III 
elements and reacting the solution with a com- 
pound containing the group VI element to form a 

30 colloidal suspension of the material to be depos- 
ited, and forming a thin film by electrophoretic 
deposition from the colloidal suspension onto a 
substrate. 

8. A method as claimed in claim 7. wherein the 
35 deposit is recrystailised by the application of heat 

9. A method as claimed in claim 8, wherein 
heat is applied by exposing the deposit to a laser. 
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Claims 

45 

1. A precursor solution for use in the formation 
in a solar cell of a thin film of a ternary or quater- 
nary compound containing copper, at least one 
group III element selected from aluminium, gallium 
and indium and a group VI element selected from so 
sulphur, selenium and tellurium, the solution being 
formed by dissolving a dry cuprous halide in an 
organic dipolar aprotic solvent capable of solvating 
the cuprous ions to form a complex ion in which 
the cuprous ions are joined to organic ligands. and 55 
adding to the organic solution an aqueous solution 
of salts containing the group III element(s). 
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